This publication highlights theoretical work that could explain five different empirical observations 17 indicating a direct relationship between magnetic fields and earthquakes, which would allow the 18 description of a causal mechanism prior to and during the occurrence of earthquakes. These theoretical 19 calculations seek to elucidate the role of the magnetic field in different aspects of solid earth dynamics, 20
helps us to analyze the lithosphere as a critical system, before and after the occurrence of earthquakes, by 25 using the concept of earthquake entropy. Where it is found that the non-existence of seismic and magnetic 26 precursors could be interpreted as a violation to the second law of thermodynamics. In addition, the 27 Seismic Moment and the Moment Magnitude of some great earthquakes are quite accurately calculated 28 using the co-seismic magnetic field. The distance-dependent co-seismic magnetic field has been theorized 29 for some of the largest recorded earthquakes. The frequency of oscillation of the Earth's magnetic field 30 that could be associated with earthquakes is calculated and being consistent to the ultra-low frequency 31
(ULF) signals that some authors propose in the so-called "LAIC Effect" (lithosphere-atmosphere-32 ionosphere coupling). Finally, the location and dimensions of the micro cracks that explain some 33 anomalous magnetic measurements are shown. there is still no unified causal mechanism that is widely accepted and that may account for the physics of 1 all these observations prior to or during the occurrence of an earthquake (Hough, 2010), although the 2 laboratory evidence shows the possibility of an increase in the conductivity of rocks when subjected to 3 stress changes, either through microcracks or chemical imperfections (Freund, 2003 ; Anastasiadis et al., 4
2004; Cartwright-Taylor et al., 2014). Therefore, this paper will attempt to explain the physics of 5 magnetic observations recorded by different researchers accurately, organizing them in five categories: 6 7
1.-Since the lithosphere can be considered a non-equilibrium system (De Santis et al., 2011), it is 8 necessary to study any change in stress on rocks. The generation of current and magnetic field resulting 9 from stress changes in rocks and their relationship with earthquakes has been shown empirically and 10 theoretically by Vallianatos 
18
Thus, a simple model for the study of current generation by stress changes is the so-called Motion of 19
Charged Edge Dislocations (MCD), which consists of the movement of charges due to the generation of 20 microcracks within a brittle and semi-brittle material similar to the crust that has undergone a stress 21 change (Triantis et al., 2012). Once the physical mechanism that generates magnetism by stress changes 22 has been found, it is essential to study the temporal evolution of the lithospheric system, which is referred 23 to in group 2. evolution of stress is achieved by measuring the "Earthquake Entropy", since the occurrence of an 28 earthquake is an irreversible process comparable to a "critical system", due to the irreversible change in 29 the state of such system, i.e. from a high-stress to a lower-stress lithosphere during an earthquake (De 30 Santis et al., 2017). However, in order to correctly apply the stress configuration in an area of the 31 lithosphere, it is necessary to know the "b-value" of Gutenberg-Richter's empirical law, since according to 32
Schorlemmer et al. (2005) , this value can be interpreted as a type of inverse measure of stress and 33 therefore the temporal evolution of "b-value" could be related to the temporal evolution of stress and 34 magnetic field through group 1. 35 36
3.-Once the evolution of the stress has been determined according to the magnetic field, the calculation 37 of the Seismic Moment and the Moment Magnitude of Earthquakes will be carried out by using the co- 5.-A final aspect to consider is the origin of the possible magnetic variations studied. The great problem 5 of the LAIC effect is the lack of certainty about the mechanism that generates currents towards the 6 atmosphere and ionosphere. Some authors consider that the currents are of external origin to the 7 lithosphere (e.g. Marchetti and Akhoondzadeh, 2018), while others suggest internal origin (e.g. 8
Vallianatos and Tzanis, 2003) . To avoid this lack of consensus, it is essential to be able to define the 9 approximate place where the currents are created and to explain the measurements of all the research 10 groups during non-co-seismic times.
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After the general description of each of these five topics, each theoretical framework is developed in 13 sections 2, 3, 4, 5 and 6 respectively, maintaining the same order set out in this introduction. The Zener-Stroh mechanism explains the generation and propagation of microcracks within a solid as the 20 pile-up of edges dislocations at a certain location due critical external mechanical stress or load (e.g. 21 Stroh, 1955) . The movement of an edge dislocation stops when they encounter an obstacle or barrier 22
within the solid (a scheme is shown in Figure 1a ). Other edges dislocations may also reach the obstacle 23 and will begin to pile up if they cannot overcome that obstacle (Figure 1b) . This stacking will create a 24 shear stress , which will create a microcracks (blue triangle in Figure 1b ) (e.g. Fan, 1994 and references 25 therein). The microcracks can continue the propagation through different paths within the material (e.g.
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Xie and Sanderson, 1995) (blue lines in Figure 1c ). This will generate avalanches of cracks due to the 27 nucleation of neighboring cracks, which will allow large-scale cracks (blue lines in Figure 1d) For the other hands, the edges dislocations are electrically neutral in thermal equilibrium (Whitworth, 31 1975) . However, the generation of microcracks is a dynamic process that breaks the ionic bonds that hold 32 the solid together, so the microcracks will be accompanied by polarization and current density (e.g. 
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It is thought that the electrification is due to the MCD model and it can scale with the rock fracture ( Figure  38 1d) (e.g. Vallianatos and Triantis, 2008 
25
Where is the radius of the largest microcracks, is the rock fractal dimension, is a factor defined 26
, where is the radius of the smallest microcrack. It is assumed that the ratio 27 ( ) is small, so ≈ 1. The factor ≈ ( − 2)( ) −2 appears from the fractal integration of the 28 microcrack. Where is the largest fracture area. Therefore, the maximum magnetic field (sin = /2) is 29 reached by replacing Equation 3 in 2: 30 31
If 2 corresponds to the total current density present in the half-space, then Equation 1 may be replaced 34 in 6: 35
38
The only amounts that are explicitly time-dependent are and so that at the end, the temporal 39 evolution of stress is proportional to the temporal integral of the magnetic field: 40 41
, in units of A/m/s, or magnetization per seconds. The Equation 2 6 shows that it is possible to use the magnetic field to measure the evolution of stress in laboratory rocks. 3
While represents the geometric and mechanical properties of the source of electrification in laboratory 4 rocks. If these experiments are correct, it would be expected that the magnetic field could reveal changes 5 of stress on a geodynamic scale. 6 7 3 b-value, earthquake entropy, magnetic field and critical system 8 9
The seismicity of an area is statistically determined by Gutenberg-Richter's law on a geodynamic scale 10 (Gutenberg and Richter, 1944). This law shows the number of earthquakes with magnitude equal to or 11 greater than under the logarithmic relation: log = − and where parameters and depend on 12 each study area. Each earthquake is generated by a sudden release of energy that is not recovered, so the 13 Gutenberg-Richter's law describes the occurrence of a set of irreversible events (e.g. Gutenberg-Richter's law is related to earthquake entropy H(t) through:
Where = e log 10 e , which is constant. As H(t) can be understood as the measure of lithospheric 24 stress (De Santis et al., 2011), the earthquake entropy can be directly related to stress through: In it, the b-value decreases before an 36 earthquake, suggesting that there must be a change in the lithospheric regime (to an imminent collapse) 37 because of increased seismicity prior to the occurrence of an earthquake, i. Utada el al., (2011) reported a variation of = 0.8 nT at a distance of the order of 100km from the 24 fault plane during the Tohoku Earthquake 2011 Mw9.0 (Table 1) The last example corresponds to the Loma Prieta 1989 M7.1 earthquake ( reached for all earthquakes studied whit moment magnitude greater than ∼Mw7. Therefore, ionospheric 22 disturbances would not be expected for earthquakes with moment magnitudes less than ∼Mw7. 23 24 5 Ultra Low Frequency Magnetic Signals 25 26
After establishing the magnitude of the expected co-seismic magnetic field, it is necessary to determine 27 the order of magnitude of the oscillations present in the magnetic field. With this purpose, we consider 28 that the current density is oscillating and can be expressed as a function of the polarization density as: = behaviors in the magnetic field using satellites, it can be suggested that ∼ 0.1 − 0.5 nT is the magnetic 33 variation created in the lithosphere prior to the occurrence of an earthquake. However, it is necessary to 34 estimate the place in the lithosphere where these cracks might be occurring. It is also necessary to 35 determine the order of magnitude of the microcracks dimensions within lithosphere. calculations we will consider that ℎ = −15 km. If we consider that the microcracks are occurring in the 1 future earthquake rupture zone, in addition to the data in Table 2 , it would imply that the microcracks 2 would have dimensions of the order of ∼ 300 m to obtain more than ∼ 0.2 nT at ∼ 450 km. The result 3 of using this microcrack length and Table 2 is shown in Figure 6 . Using the same values, we find that 4 greater magnetic variations exist closer to the future seismic rupture zone. For example, within a radius of 5 100 km there are magnetic variations of 10 nT (white circle in Figure 7 ), while within a radius of 10 km 6 there would be variations of the order of 160 nT (magenta circle in Figure 7 ). These variations have never 7 been recorded, therefore microcracks cannot be of the order of hundreds of meters, but must be smaller. 8
Neither can they come from the future seismic source. 9 10
On the other hand, if we consider that microcracks are occurring near the stations, it is enough to take an 11 ∼ 30 m to obtain magnetic variations similar to those suggested Kelley et al. (2017) This work studied the role of the magnetic field in the lithospheric dynamics; specifically, the physics that 21 could be associated with various measurements that relate magnetic fields and earthquakes in a complete 22 cycle, i.e. from a stress disturbance to the magnetic frequencies correlated with the occurrence of an 23 earthquake. The results of each section are below: 24 25
Since a change in stress could trigger an earthquake, section two discussed the way a change in stress 26 causes fractures within the rocks, the flow of electrical currents and the generation of magnetic fields.
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Therefore, the goal of this section was to achieve a relationship (equation 6) between the temporal 28 evolution of stress with the integral over time of the magnetic field through a constant . It was also 29 possible to store all the electrical and mechanical information of the rocks in the constant , which 30 represent the magnetization per second of the rocks. 31 32
The goal of section three is of great relevance since it established a relationship between the behavior of 33 the magnetic field (critical system) and a b-value decrease of the Gutenberg-Richter Law before and after 34 the occurrence of earthquakes through earthquake entropy concept (Equation 8 and Figure 4) . This was 35 possible by assuming that the behavior of laboratory samples would exhibit the same physics as 36 lithospheric rocks. Another goal of this section was to obtain a more physical interpretation about the 37 entropy of earthquakes, its relation with magnetism and the impending earthquakes: As entropy can be 38 considered as the energy diffusion of a system, the accumulation of stress (energy) in the lithosphere 39 (open system) must be diffused. This means that the increment in the number of magnetic anomalies and 40 their relationship with an increase in seismicity (earthquake swarms and/or seismic precursors) prior to the 41 occurrence of large earthquakes are part of the energy diffusion mechanisms. However, this may also be 42 interpreted inversely: The non-existence of seismic and magnetic precursors could violate the second law 43 of thermodynamics. However, more studies are needed to corroborate whether the emission of magnetic 44 signals really has any relationship with the entropy of earthquakes.
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The great goal of section 4 was to find and corroborate an analytical relationship between co-seismic 47 magnetic measurements and the magnitude of earthquakes (Equations 11a, b). It was possible to obtain 48 Equations 11a, b by considering the area of rupture of the earthquake as a crack of the MCD model. 49
Another goal of this section was to find an analytical relationship that would allow to determine the 1 magnitude of co-seismic magnetic signals as a function of the epicentral distance (Equation 13). Figure 5  2 shows the intensity of the expected co-seismic magnetic variation for several earthquakes as a function of 3 the distance to the area of rupture. It is observed that magnetic variations can easily reach the ionosphere 4 for earthquakes of magnitudes greater than Mw8.3 (dashed blue line). Many magnetometers have the 5 resolution of 0.1 nT (dashed red line) so magnetic variations produced by large earthquakes (~Mw9) could 6 be detectable by magnetometers several hundred kilometers from the area of rupture. However, it is not 7 expected that the magnetometers can detect magnetic variations related to small earthquakes, i.e. The goal of section 5 was to theoretically find the oscillation frequencies of the magnetic field that may be 19 related to the occurrence of earthquakes. They were found to have frequencies of the order of mHz. The 20 existence of frequencies of different orders of magnitude or fractal nature of oscillations prior to 21 earthquakes were also analyzed. It is concluded that for there to be magnetic variations in the lithosphere 22 prior to earthquakes it is necessary that the conditions of polarization and density of currents are similar to 23 those that can be found in the co-seismic stage. All these magnetic variations are part of the ULF reported 24 by several authors. 25 26
Section 6 looked for the location of the microcracks and their size. It was found that microcracks are 27 unlikely to be created in the future seismic rupture zone. However, if microcracks of the order of 30 m 28 exist at depths of 10-20 km, it is possible to explain the expected magnetic variations (∼ 0.2 nT). This 29 implies that microcracks must be occurring throughout the lithosphere due to a change in the stress field. 30 31
On the other hand, the physics of the co-seismic stage (Section 4) and the stage prior to earthquakes 32 (section 6) could be the same: microcracks. Where the only difference comes from the size of . This 33 is relevant since in the future it will be necessary to investigate microcracks as a factor that allows 34 propagation of seismic fractures. In addition, it will also be necessary to study the distribution of 35 microcracks throughout the lithosphere. This would allow estimating the places where it is more likely to 36 find magnetic variations as well as possible future earthquakes. 37 38
Finally, it can be concluded that the controversial magnetic phenomena registered by different research 39 groups, behavior of cumulative daily number of magnetic anomalies, co-seismic magnetic field and 40 oscillation frequencies of the magnetic field, can all have the same and unique physical origin: the 41 cracking of brittles and semi brittles materials of the crust due to stress changes. However, there is still no 42 clarity about how these stress changes can generate the nucleation of earthquakes. Table 1 for earthquakes information). 43 44 Figure 6 : Total Magnetic Field Intensity at the Earth's surface using parameters of Table 2 
